An efficient and stable heterogenized water oxidation catalyst (2_TiO 2 ) has been synthesized by immobilizing a novel organo-iridium Klaüi-type precursor onto rutile-TiO 2 . Iridium homogeneously distributes at the molecular and atomic/small cluster levels in 2_TiO 2 and 2'_TiO 2 (solid catalyst after a catalytic run), respectively, as indicated by STEM-HAADF studies. 2_TiO 2 exhibits TOF values up to 49.5 min -1 in water oxidation to O 2 driven by NaIO 4 , at pH close to the neutrality, and a TON limited only by the amount of NaIO 4 used. 2_TiO 2 maintains its performances even when contacted for 24 h with water solutions at both pH 14 (by KOH) and pH 1 (by HNO 3 ). NMR studies indicate that activation of 2_TiO 2 likely occurs through the oxidative dissociation of PO 4 3-.
The development of an efficient catalytic system for the oxidation of water, [1] [2] aimed at generating electrons and protons [3] for the photosynthesis of renewable fuels, [4] is one of the most difficult challenges that the scientific community is facing today. Molecular [1] and material [2] water oxidation catalysts (WOCs) with remarkable performances have been reported. Furthermore, it has been recently shown that anchoring a properly tailored homogeneous catalyst onto solid supports, thus obtaining heterogenized WOCs, is a promising strategy to combine the best of two worlds; [5] [6] [7] [8] this allows to finely modulating electron density and geometry of WOCs, whereas grafting the latter on solid supports leads to enhanced stability and facilitates catalyst recovering. [5] At the same time, heterogenized WOCs allow the exploitation of metal to be minimized due to the elevate percentage of active centers, in principle, not so different than that in homogeneous catalysis. [5] Klaüi-type compounds (KTCs) [(C 5 R 5 )M{P(O)R'R"} 3 ] -(R = H, Me; M = Co, Rh; R' and R" = alkyl, aryl, or O-alkyl) [9] attracted our attention as precursors for fabricating heterogenized WOCs because their hydrolysis might generate three -P(O)(OH) 2 moieties, particularly suitable for immobilizing them onto properly selected functional materials. Generally speaking, KTCs have been widely used as monoanionic terdentate ligands to stabilize coordination complexes and organometallics of almost all metals of the periodic table. [10] The derived compounds have found application in several fields, including homogeneous catalysis, lithium selective transportation across membranes [11] and extraction of alkali metal ions, magnesium and calcium ions. [12] It has also been attempted to anchor KTCs onto solid supports with the main aim of generating novel exchange materials and heterogenized catalysts.
[13] In all cases, KTCs have been used as ligands and no investigation has been carried out to explore the possible catalytic activity of the M-metal center. This could be related to the fact that, being 18-electrons saturated compounds, they are supposed to have little propensity to coordinate and activate a substrate. Nevertheless, we thought that such a possible drawback could be not so crucial in WO because a coordinative position might be generated by the oxidative elimination of meta phosphoric acid P(O) 2 (OH) (see below) or by the oxidative transformation of the -C 5 R 5 ligand. [14] Scheme 1. Synthesis and an ORTEP view of complex 2. Ellipsoids are drawn at the 50% probability level. Herein we report the synthesis and characterization of a novel KTC [Cp*Ir{P(O)(OH) 2 } 3 ]Na (2) and show that it is a competent WOC and, more importantly, a particularly suitable precursor to be anchored onto TiO 2 providing a heterogenized WOC, which exhibits remarkable activity and robustness. Complex 1 was synthesized according to the literature, [15] reacting [Cp*IrCl(μ-Cl)] 2 with P(OMe) 3 in the presence of AgClO 4 followed by the oxidative transformation of the three Ir-P(OMe) 3 moieties into Ir-P(O)(OMe) 2 by the Michaelis-Arbuzov type reaction (Scheme 1). [16] 2 was obtained by the hydrolysis of 1 with 3M HCl (Scheme 1, SI) as a pale yellow solid that changes its color when scratched with a spatula, becoming red and, successively, dark brown. Interestingly, once dissolved in water, acetone, and other solvents, it provides yellow solutions that give-back a pale yellow powder once the solvent is removed. The latter undergoes the same change of color when manipulated with a spatula. This reversible behavior is typical of mechanochromic materials. [17] The solid structure of 2 was determined by X-Ray single crystal studies. The intramolecular structure (Scheme 1) does not reveal any particular feature with the exception of a rather long Ir-Cp* distance (1.935 Å). This indicates that the three P(O)(OH) 2 -ligands provide high electron density at the metal center making the Cp* coordination weaker than usual. Consistently, the CMe quaternary carbons resonate at rather high chemical shift (101.9 ppm) in the 13 C NMR spectrum. [18] The intermolecular structure exhibits an alternation of hydrophobic and hydrophilic layers constituted by Cp* and Ir-P(O)(OH) 2 moieties, respectively, of different molecular units (SI). 2 was heterogenized by contacting ca. 5 ml of a water solution (3-4 . 10 -3 M) with dispersed rutile-TiO 2 (1 g) at room temperature for 24h, following the course of heterogenization by monitoring the intensity decrease of the 31 P NMR resonance of 2. The resulting 2_TiO 2 material was washed with water, a 0.1 M HNO 3 solution, acetonitrile and dichloromethane, before drying it under vacuum. The loading of iridium, as evaluated by ICP-OES analysis, was 8.54 μM/g. 2_TiO 2 was structurally characterized by solid-state NMR spectroscopy and STEM-HAADF (scanning transmission electron microscopy -high angle annular dark field) (SI). Figure 1 shows a comparison between the 31 P and 13 C CP MAS NMR spectra of precursor 2, 2_TiO 2 and a sample recovered after a catalytic run (2'_TiO 2 ). Consistently with the literature, heterogenization of 2 onto TiO 2 causes a shift to lower frequencies of carbon and phosphorous resonances. [19] Furthermore, a remarkable broadening of 31 P resonance is observed likely due to the different binding modalities of Ir-P(O)(OH) 2 moieties and typologies of TiO 2 superficial sites. A sharper resonance is present at -0.8 ppm reasonably due to the oxidative detachment of a phosphate group that binds in a monodentate fashion to TiO 2 . [20] Such a resonance is present in higher percentage in 2'_TiO 2 , whereas the intensity of the broader resonances is substantially reduced. Also 13 C NMR resonances due to Cp* have a dramatic lower intensity in the spectrum of 2'_TiO 2 compared with that of 2_TiO 2 . The reasons of these observations are discussed below after having reported the catalytic results. STEM-HAADF studies of 2_TiO 2 indicate that the sample contains TiO 2 particles very well dispersed and quite homogeneous in size, about 20x40 nm. A general view of the sample is depicted in Figure 2 . At high levels of magnification, besides the TiO 2 support crystallites, both 2_TiO 2 and 2'_TiO shows extremely small Ir clusters (at the limit of the microscope sensitivity), ranging from 0.2 to 0.4 nm (Figure 2 ). Assuming a Gaussian particle size distribution, even smaller clusters, which escape STEM detection, should be present. In the STEM-HAADF images the clusters are hardly seen, as brighter spots on the TiO 2 crystallites. All seems to indicate that Ir is atomically distributed or forms very small clusters in both 2_TiO 2 and 2'_TiO 2 . Given the small particle size no EDS analysis was reliable. It is important to note that these metallic clusters are not formed upon electron beam exposure, that is, they are not the result of electron damage on the sample. This has been carefully checked by using different electron dosage over the sample. Table 1 (complete data set is given in SI). Complex 1 is not active at all with CAN and exhibits just a poor catalytic activity with NaIO 4 , affording only 26 cycles with a TOF = 0.1 min -1 (Tab. 1, entries 1-2). On the contrary complex 2 is an efficient WOC with both oxidants, capable of completing all cycles expected based on the concentration of the employed sacrificial oxidant with TOF up to 30 min -1 and 50 min -1 with CAN and NaIO 4 , respectively (Tab. 1, entries 3-6). The catalytic activity of 2 was strongly affected by the pH of the reaction medium. This was clearly demonstrated by adding an increased amount of KOH to the solution of 2 before the injection of a solution of NaIO 4 (SI). TOF of oxygen production remains substantially the same (about 6 min -1 ) when 1-4 equivalents of KOH were added (SI), but it markedly increases up to 49.5 min -1 when 16 equivalents of KOH were added (Tab. 1, entry 6). Also 2_TiO 2 is an active WOC with both CAN and NaIO 4 ; however an almost complete leaching of the catalyst occurs with CAN, already after the first catalytic run (Tab. 1, entries 7-9). This is likely due to the high tendency of KTCs to act as terdentate ligand for the oxophylic Ce 4+ . [21] For that reason we focused our attention on the catalytic activity of 2_TiO 2 with NaIO 4 as sacrificial oxidant. 2_TiO 2 ) consistently with what said above, whereas TOF value after contacting with the acidic one is substantially the same than the original TOF value (2.3 min -1 vs 2.4 min -1 ). pH was measured for all steps related to a catalytic experiment in which a suspension 19.1 mM of 2_TiO 2 was reacted with a solution of 9.1 mM of NaIO 4 , in the presence of 16 equivalents of KOH. Specifically, pH changed from 5.10 to 4.41 when 2_TiO 2 was dispersed in deionized water. The addition of KOH caused an increase of pH up to 9.60, whereas injection of NaIO 4 led to a pH = 6.32 that remained substantially unaltered until the end of catalysis. The observed acidification caused by NaIO 4 addition can be explained considering that IO 4 -undergoes hydration with two water molecules leading to the weak acid H 4 IO 6 -.
[22] a Run performed after having left the catalytic suspension at pH = 14 for 24h. b Run performed after having left the catalytic suspension at pH = 1 for 24h.
In order to understand the modality of activation of 2 and 2_TiO 2 and the reason why 1, contrary to 2, exhibits poor catalytic activity, preliminary NMR studies were performed. H resonances due to acetic and formic acids, [23] starts successively to PO 4 3-elimination. It can be concluded that 2 easily transforms into a Cp*IrX 3 -species (X = anionic species or water) by the oxidative elimination of PO 4 3-, asking for the presence of a P-O-H functionality as illustrated in Scheme 2. This might explain why 1 is not an active WOC.
Scheme 2. Modality of activation of 2.
Interestingly, a coordination vacancy appears to be necessary in order to initiate the oxidative transformation of Cp* and this not the case in 2 which cannot undergo the expulsion of a -P(O)(OMe) 2 unit. Solid-state 31 P NMR spectrum shows that some PO 4 3-is already present in 2_TiO 2 before catalysis, likely derived from oxidative dissociation (photo)catalyzed by TiO 2 , and it substantially increases after a catalytic run (Figure 1 ). Nevertheless, a broad band centered at 24.7 ppm is still present. It can be speculated that the latter is due to some iridium centers missing the Cp*, still bearing a bonded phosphate group. In conclusion, it has been demonstrated, for the first time, that KTCs, bearing -P(O)(OH) 2 functionalities, are excellent precursors for the fabrication of heterogenized catalysts for WO. The resulting iridium-TiO 2 hybrid material exhibits remarkable TOF and TON performances in WO driven by NaIO 4 and an extremely low propensity to leaching. This strategy appears to be rather general and many extensions can be envisioned. For example, the nature of KTC metal center, especially considering cheap metals, and support can be changed. At the same time, photochemical and electrochemical tests have to be performed. All these experiments are in progress in our laboratories and results will be reported in due time.
